Accumulating evidence indicates that synchronization of cortical neuronal activity at g-band frequencies is important for various types of perceptual and cognitive processes and that GABA-A receptor-mediated transmission is required for the induction of these network oscillations. In turn, the abnormalities in GABA transmission postulated to play a role in psychiatric conditions such as schizophrenia might contribute to the cognitive deficits seen in this illness. We measured the ability to increase GABA in eight healthy subjects by comparing the binding of [
INTRODUCTION
Accumulating evidence indicates that synchronization of cortical neuronal activity at g-band frequencies is important for various types of perceptual (Sanes and Donoghue, 1993; Tiitinen et al, 1993; Lutzenberger et al, 1995) and cognitive processes (Miltner et al, 1999; Howard et al, 2003) . In a recent electroencephalogram (EEG) study, we found that increases in context maintenance demands were associated with the increases in induced g activity over prefrontal cortical areas for healthy controls (Cho et al, 2006) . Experimental models (Van Vreeswijk et al, 1994; Bartos et al, 2007) as well as preclinical studies (Hajos et al, 2004; Mann et al, 2005; Fuchs et al, 2007) suggest that GABA-A receptor-mediated transmission is required for the induction of network oscillations. However, to date, there is no evidence linking GABA transmission with g-band oscillations in humans. Over the last few years, several groups have demonstrated that receptor imaging techniques (single photon emission computerized tomography, SPECT, or positron emission tomography, PET) can be used, not only to measure receptor parameters, but also to detect acute changes in the concentration of endogenous neurotransmitters in the vicinity of their receptors (for review see Laruelle, 2000) . These studies have yielded important insights into the pathophysiology of mental illnesses such as schizophrenia and substance abuse (Laruelle et al, 1996; Breier et al, 1997; Volkow et al, 1997; Abi-Dargham et al, 2000; Martinez et al, 2005 Martinez et al, , 2007 . However, such studies have thus far been largely limited to the dopamine system due to a lack of suitable radiotracers and methodology for other neurotransmitter systems.
The aim of this study was to determine the feasibility of developing a technique for measuring changes in synaptic GABA levels with PET across brain regions representing the major functional domains of the cerebral cortex (association, sensory, and limbic). Such a technique could have widespread utility in the study of mental illness as GABA abnormalities have been implicated in a variety of psychiatric conditions. For example, a large body of postmortem and preclinical work has revealed abnormalities in markers of GABA function in schizophrenia (for review see Lewis et al, 2005) . These abnormalities have been most consistently observed in the dorsolateral prefrontal cortex (DLPFC), but altered expression levels of GABA-related gene products in schizophrenia have been found across cortical areas, including the anterior cingulate, motor, visual, and auditory cortices (Impagnatiello et al, 1998; Woo et al, 2004; Konopaske et al, 2006; Hashimoto et al, in press) suggesting that alterations in GABA neurotransmission could contribute to the cognitive, affective, sensory, and motor signs and symptoms of this disorder. GABA abnormalities are also hypothesized to play a role in disorders such as alcohol dependence (Krystal et al, 2006) , anxiety (Nemeroff, 2003) , and mood disorders (Brambilla et al, 2003) . However, to date, there is no direct, in vivo evidence that GABA transmission is altered in any of these illnesses.
Using a novel PET brain-imaging paradigm, we measured the in vivo binding of the benzodiazepine (BDZ) sitespecific radiotracer [ 11 C]flumazenil (Persson et al, 1985) at baseline and in the context of elevated GABA levels induced through blockade of the GABA membrane transporter (GAT1) with tiagabine (Gabitril s ). Preclinical work suggests that increased GABA levels enhance the affinity of GABA-A receptors for BDZ ligands through a conformational change (termed the 'GABA-shift') (Tallman et al, 1978; Braestrup et al, 1982; Miller et al, 1988) . Theoretically, such an increase in the affinity of GABAÀA receptors should be detected as an increase in the binding of a GABA-A BDZ-receptor site-specific PET radioligand. Eight healthy subjects underwent two [ 11 C]flumazenil PET scans on the same day, baseline, and 30 min after administration of oral tiagabine. Tiagabine inhibits the reuptake of GABA by selective GAT1 blockade resulting in acute increases in extracellular GABA levels (Fink-Jensen et al, 1992) . Our hypothesis was that cortical [ 11 C]flumazenil binding, measured through PET, would be increased in the context of elevated brain GABA levels resulting from GAT1 blockade. We then explored the relationship between this in vivo measurement of GABA transmission and cortical synchrony in the g-band range (30-80 Hz), as phasic GABA-A receptor-mediated neurotransmission is postulated to be required for induction of network oscillations in this range (Whittington and Traub, 2003) .
MATERIALS AND METHODS

Human Subjects
The study was approved by the Institutional Review Board of the University of Pittsburgh Medical Center. Eight healthy volunteers participated in this study (age 29 ± 10 years, range: 20-50, with these and subsequent values given as mean ± SD, four men and four women). All scans were performed within the 2-month period between 25 June 2007 and 24 August 2007. The absence of pregnancy, medical, neurological, and psychiatric history (including alcohol and drug abuse) was assessed by history, review of systems, physical examination, routine blood tests including pregnancy test, urine toxicology, and EKG. Subjects provided written informed consent after receiving an explanation of the study.
PET Protocol
All subjects were studied twice with [ 11 C]flumazenil on the same day. On the study day, an arterial catheter was inserted in the radial artery, after completion of the Allen test and infiltration of the skin with lidocaine, for blood sampling and a venous catheter was inserted in a forearm vein for radiotracer injection. First, a baseline PET scan was performed. The baseline scan was followed by oral administration of tiagabine 16 mg with the second, on-medication, PET scan beginning 30 min post-tiagabine administration. This dose of tiagabine is expected to increase extracellular GABA by 50% over baseline for several hours (During et al, 1992) .
The scanning protocol was identical for each scan. PET imaging was performed with the ECAT EXACT HR + (Siemens/CTI, Knoxville, TN). A 10 min transmission scan was obtained before each radiotracer injection for attenuation correction of the emission data. [ 11 C]flumazenil was produced through a modification of published procedures (Halldin et al, 1988) . Twenty mCi or less of high-specific activity (1379±393 Ci/mmoles) [ 11 C]flumazenil was injected i.v. over 30 s. Emission data were collected in the 3D mode for 90 min as 19 successive frames of increasing duration (4 Â 15 s, 3 Â 1 min, 3 Â 2 min, 2 Â 5 min, and 7 Â 10 min). Subjects were allowed to rest outside of the camera for 30-60 min between the two injections. Subjects remained in the Montefiore University Hospital Clinical and Translational Research Center overnight after the PET scans to monitor for any side effects of tiagabine administration. Adverse effects observed in this study included sedation (mild-to-moderate) and ataxia (mild) and resolved completely within 4 h of the scan.
Input Function Measurement
Following radiotracer injection, arterial samples were collected manually approximately every 6 s for the first 2 min and thereafter at longer intervals. A total of 35 samples were obtained per scan. Following centrifugation (2 min at 12 500 r.p.m., Spectrafuge 16 M), plasma was collected in 200 l aliquots and activities were counted in a g counter (Packard Biosciences).
To determine the plasma activity representing unmetabolized parent compound, seven samples (collected at 2, 5, 15, 30, 45, 75, and 90 min) were further processed through aqueous/organic extraction (Barre et al, 1991) to measure the fractional concentrations of hydrophilic metabolites and unchanged (lipophilic) [
11 C]flumazenil. The seven measured unmetabolized fractions were fitted to the sum of one exponential plus a constant and this function was used to interpolate values between the measurements.
The input function was calculated as the product of total counts and interpolated unmetabolized fraction at each time point. The measured input function values were fitted to a sum of three exponentials from the time of peak plasma activity and the fitted values were used as the input to the kinetic analysis. The clearance of the parent compound (l/h) was calculated as the ratio of the injected dose to the area under the curve of the input function (Abi-Dargham et al, 1994) .
For the determination of the plasma-free fraction (f P ), triplicate aliquots of plasma collected before injection were mixed with the radiotracer, pipetted into ultrafiltration units (Amicon Centrifree; Bedford, MA) and centrifuged at room temperature (30 min at 6000 r.p.m.). At the end of centrifugation, the plasma and ultrafiltrate activities were counted (Packard Biosciences), and f P was calculated as the ratio of activity in the ultrafiltrate to total activity (Price et al, 1993) . Triplicate aliquots of saline solution mixed with the radiotracer were also processed to determine the filter retention of the free tracer.
MRI Acquisition and Segmentation Procedures
To provide an anatomical framework for analysis of the PET data, MRI scans were obtained using a 1.5 T GE Medical Systems (Milwaukee, WI) Signa Scanner. A 3D spoiled gradient-recalled sequence was acquired in the coronal plane using parameters that were optimized for maximal contrast among gray matter, white matter, and CSF. The scalp and calvarium were removed from the SPGR MR images, to facilitate MR/PET coregistration, using a manual in-house stripping technique. MRI segmentation was performed using the FAST automated segmentation tool (Zhang et al, 2001) implemented in the FMRIB Software Library (v4.0, Smith et al, 2004) .
Image Analysis
PET data were reconstructed using filtered backprojection (Fourier rebinning/2D backprojection, 3 mm Hann filter) and corrected for photon attenuation ( 68 Ge/ 68 Ga rods), scatter (Watson, 2000) , and radioactive decay. Reconstructed image files were then processed with the image analysis software MEDx (Sensor Systems Inc., Sterling, VA) with the PET-MR image alignment performed using the SPM2 package (www.fil.ion.ucl.ac.uk/spm). PET data were inspected for subject motion and interframe motion was corrected using the realign procedure within SPM2, if necessary.
Regions of interest (ROIs) were drawn on each individual's MRI according to the criteria derived from brain atlases (Talairach and Tournoux, 1988; Duvernoy, 1991) and applied to the coregistered dynamic PET data to generate regional time-activity curves. Three functionally-based cortical ROIs were obtained as weighted averages of component ROIs: association cortex (dorsolateral prefrontal, orbital frontal, medial prefrontal, and anterior cingulate), Sensory cortex (parietal and occipital), and the limbic MTL (amygdala (AMY), hippocampus (HIP), entorhinal cortex (ENT), and parahippocampal gyrus (PHG)). The pons was used as the region of reference as activity in this region represents predominantly nonspecific binding (Koeppe et al, 1991; Abadie et al, 1992; Price et al, 1993) .
For the neocortical regions, 'large' regions were first drawn to delineate the boundaries of the ROIs. Within these regions, only the voxels classified as gray matter were used to measure the activity distribution. Sampled volumes of the neocortical regions (n ¼ 6) were as follows: DLPFC (22 352±  2133 The contribution of plasma total activity to the regional activity was calculated assuming a 5% blood volume in ROIs (Mintun et al, 1984) and tissue activities were calculated as the total regional activities minus the plasma contribution.
Derivation of Distribution Volumes
We denote here the outcome variables using the recently issued consensus nomenclature for in vivo imaging of reversibly binding radioligands (Innis et al, 2007) . Derivation of [ 11 C]flumazenil regional tissue distribution volume (V T , ml/g) was performed with kinetic modeling using the arterial input function and an unconstrained two tissue compartment model (2TC model). V T , which is equal to the ratio of tissue to plasma parent activity at equilibrium, was derived as K 1 /k 2 (1 + k 3 /k 4 ), where K 1 (ml/g/min) and k 2 (per min) are the unidirectional fractional rate constants governing the transfer into and out of the brain, respectively, and k 3 (per min) and k 4 (per min) are the unidirectional fractional rate constants governing the association and dissociation of [ 11 C]flumazenil to and from the BZD site, respectively (Koeppe et al, 1991; Laruelle et al, 1994; Innis et al, 2007) . Kinetic parameters were derived by nonlinear regression using a Levenberg-Marquart leastsquares minimization procedure (Levenberg, 1944) implemented in MATLAB (The Math Works Inc., South Natick, MA), as described previously . Given the unequal sampling over time (increasing frame acquisition time from the beginning to the end of the study), the leastsquares minimization procedure was weighted by the frame acquisition time.
Derivation of BDZ Receptor Parameters
Derivation of BDZ parameters was based upon the following assumptions: (1) because of the low density of BDZ in the pons (Abadie et al, 1992; Price et al, 1993) , pons V T was assumed to be representative of equilibrium nonspecific binding, V ND ; (2) the nonspecific binding did not vary significantly between regions.
Two measures of BDZ receptor availability were derived using pons V T to estimate the nondisplaceable distribution volume, V ND .
The [ 11 C]flumazenil binding potential (BP ND ) relative to the total plasma concentration of [ 11 C]flumazenil (BP P , ml/g) was derived as the difference between V T in the ROI and V ND . The relationship between BP P and BDZ receptor parameters is given by BP P ¼ f P *B max /K D , where B max is GABA-A BDZ-receptor density, 1/K D is the in vivo affinity of [ 11 C]flumazenil for the GABA-A BDZ-receptor and f P is the fraction of the radiotracer unbound to protein in the plasma.
The [
11 C]flumazenil-BP ND relative to V ND (BP ND , unitless) was derived using the arterial input as BP P /V ND as well as using the simplified reference tissue method (SRTM, Lammertsma and Hume, 1996) with the pons as the reference region. SRTM utilizes assumptions 1 and 2, above, to infer a functional relationship between a reference region (pons) and an ROI. This method has been demonstrated to provide estimates of [ 11 C]flumazenil BP ND, which are highly correlated with arterial input methods (Klumpers et al, 2007) . The relationship between BP ND and BDZ receptor parameters is given by BP ND ¼ f ND *B max /K D , where B max is GABA-A BDZ-receptor density, 1/K D is the in vivo affinity of [ 11 C]flumazenil for the GABA-A BDZ-receptor and f ND is the fraction of the radiotracer unbound to protein in the brain.
Electrophysiology and Cognitive Task
In all subjects, the PET scans were performed before the electrophysiology study. The half-life of tiagabine ranges from 7-9 h; however, to minimize any potential interaction between the drug and the EEG measurements at least 5 days (43 ± 73) separated the tiagabine administration and the EEG.
The preparing to overcome prepotency (POP) task is a cued stimulus-response reversal paradigm that requires increases in cognitive control to overcome prepotent response tendencies (Cho et al, 2006) . Trials proceeded in the following order: cue (a green or red square; 500 ms); delay period (1000 ms); probe (a white arrow pointing left or right; 1000 ms); and a variable intertrial interval (1000-2000 ms). Cues indicated conditions requiring either low (green square) or high (red square) degrees of cognitive control. Over the delay period, subjects were required to maintain the trial type information and prepare for a response to the upcoming probe. For low-control trials, subjects were required to respond in the direction of the arrow that followed (eg, for a right-pointing arrow, press the right button); for the high-control trials, responses were required in the opposite direction (eg, for a right-pointing arrow, press the left button). To reinforce the prepotency of the cue--probe mappings of the low-control trials, thereby increasing the control requirements during the high-control trials, 70% of the trials were low control and the remaining 30% were high control. Trial types were interleaved in pseudorandom order, with eight blocks of 42 trials each.
During the POP task, EEG data were acquired using a 129 Ag-AgCl coated carbon fiber electrode Geodesic Sensor Net (EGI, Eugene, OR) with a sampling frequency of 250 Hz. Data were filtered on-line with a 0.1-100 Hz band pass hardware filter. Electrode impedances were kept below 50 kO. All channels were referenced to Cz. Data were filtered off-line using an 8-100 Hz bandpass, 60 Hz notch Butterworth Filter (time constant: 0.0199 s, slope: 12 dB/oct). Epochs were defined as À500 to + 1700 ms relative to the cue onset. Blink artifacts were removed with ICA-based detection and correction methods. Error trials and remaining epochs containing artifacts were excluded (amplitude range exceeding 200 mV within a segment; or greater than 20 channels having 60 mV deviations between consecutive samples). Segments identified by these criteria were visually inspected before the final rejection. Average segment counts for the high-and low-control conditions were 220 and 80, respectively. Data were rereferenced to average reference (Bertrand et al, 1985) .
Time-frequency analyses were carried out using Brain Vision Analyzer (Brain Products GmbH, Munich, Germany). The data were transformed using complex Morlet wavelet transforms, defined by mo(x) ¼ c Á exp(Àx 2 /2) Á exp(io 0 x), with c ¼ 7, using 40 frequency steps spanning 8-100 Hz. Wavelet transformed data were baseline corrected to a À300 to À50 ms precue interval.
EEG analysis involved identifying frontal areas of peak induced (ie not time locked to stimulus) g activity differences between the high-and low-control conditions, with a focus on the delay period (500-1500 ms relative to the cue onset) during which induced-frontal g activity has been shown to modulate in accordance with the cognitive control demands (Cho et al, 2006) . Activity from one representative electrode from each of the left and right frontal areas, respectively, was averaged to derive a spatially averaged measure for comparison to the PET data. The peak activity was in the g sub-band with central frequency 46 Hz, and electrode locations E8 and E24 (approximately AF8 and AF3, respectively, in the 10-10 system). This procedure resulted in one summary measure of frontal g activity for each subject, which were then compared to the individual measurements of tiagabine-induced increase in [ 11 C]flumazenil binding by PET. Note that an experimenter blind to the PET data performed the determinations of these EEG measures of frontal g.
Statistical Analysis
The between-scan comparisons were assessed with a paired, two-tailed t-test with a significance level of 0.05. As this was a preliminary study designed to determine the feasibility of moving forward with this methodology, we were more concerned with type II errors (not recognizing a significant effect) than with type I errors (false rejection of the null hypothesis). As such, baseline and post-tiagabine K 1 , V T and BP ND for the three functional cortical regions and V ND (pons V T ) were compared using a two-tailed, paired t-test, with an uncorrected probability value of 0.05 selected as the significance level. For the analysis of the tiagabine-induced change in V T , BP P, and BP ND in the component ROIs (n ¼ 10), a univariate repeated-measure analysis of variance (RM ANOVA) with brain regions as the within-scan factor and condition (baseline or post-tiagabine) as the betweenscan factor was used. Paired t-tests were performed, when appropriate, to determine which regions accounted for the significant effects observed in the RM ANOVA. The relationship between the PET scan outcome measures and the measurement of g-band power were analyzed with the Pearson product moment correlation coefficient after confirming normal distribution of the data using the Kolmogorov-Smirnov test.
RESULTS
PET Scan Parameters
No difference was observed in the injected dose, specific activity or injected mass between the baseline and posttiagabine scan (Table 1) (Table 1) . As (Innis et al, 2007) , the lack of effect on f P or V ND supports the validity of using BP ND as an outcome measure.
Regional Distribution Volumes and BZD Receptor Availability
After the administration of tiagabine, V T increased significantly in the large cortical regions (these and subsequent values noted as mean ± SD, p-values for two-tailed, paired t-test unless otherwise stated); association cortex 6.2±0.6 ml/g vs 7.1±1.0 ml/g (p ¼ 0.05), sensory cortex 6.4 ± 0.6 ml/g vs 7.3 ± 0.9 ml/g (p ¼ 0.03), and limbic MTL 5.0 ± 0.4 ml/g vs 5.6 ± 0. Similarly, tiagabine-induced increases in [ 11 C]flumazenil-BP ND were seen across all regions, whether BP was computed relative to the nondisplaceable reference (BP ND ) or plasma (BP P ). Unlike V T , the BP measures are adjusted for nonspecific radioactivity and are therefore more reflective of specific binding.
BP P increased in the cortical regions, nonsignificantly in the association cortex (p ¼ 0.06) and significantly in the sensory cortex (p ¼ 0.03) and MTL (p ¼ 0.05) after the administration of tiagabine (Table 2) Tiagabine resulted in the increases in BP ND across all regions (Table 2 and Figure 2 ). BP ND values were similar whether derived through arterial input method or SRTM; given this, in Table 2 , the percent change in BP ND (DBP ND ), the Cohen's effect size (d), and the region-by-region p value for a paired t-test are listed only for BP ND derived through SRTM. Although the RM ANOVA was not significant (p ¼ 0.25 for arterial method, p ¼ 0.29 for SRTM), examining BP ND in the component ROIs on a region-by-region basis revealed trend-level or significant comparisons (Table 2) .
Electroencephalogram (EEG)-Induced c-Band Oscillations
To test our hypothesis that individuals with greater capacity to increase GABA levels (a 'GABA reserve') would exhibit enhanced frontal g-band oscillatory activity in the context of a task that taps cognitive control processes, seven individuals (four male and three female, age 30 ± 10 years) who participated in the PET study also underwent EEG (E24) and right (E8) electrodes during the delay period; these electrodes showed the highest g-band activity in the group average, as determined by a rater blind to the PET data. 
DISCUSSION
The results of this study are consistent with the hypothesis that the acute increases in extracellular cortical GABA can be detected as an increase in the binding of the BDZ sitespecific radiotracer, [ 11 C]flumazenil. The principle underlying this hypothesis is the 'GABA shift'Fthe enhancement in BDZ-receptor affinity for BDZ site substrates resulting from the increased GABA (Tallman et al, 1978; Braestrup et al, 1982) . It is widely accepted that BDZs potentiate the effects of GABA at the GABA-A receptor and the reverse is true, increased GABA levels potentiate the binding of BDZs to the GABA-A receptor in a dose-dependent manner (Tallman et al, 1978) . However, some in vitro studies exploring this phenomenon with BDZ antagonists (including flumazenil, previously known as Ro15-1788) indicate that it is specific to agonist drugs (Mohler and Richards, 1981) and not all in vitro studies were able to demonstrate the GABA shift, even with BDZ agonists (Rosenberg and Chiu, 1979) . Two preclinical studies have examined the effects of increasing GABA and GABAergic drugs on flumazenil binding in intact animals and both found results consistent with our findings. The first (Koe et al, 1987) 
demonstrated enhanced [
3 H]flumazenil-binding in vivo when mice were treated with either progabide (a GABA analog and agonist at the GABA-A receptor) or valproate, which increases brain GABA levels (Johannessen, 2000) . The second (Miller et al, 1988 ) measured the effects of three GABAergic drugs, aminooxyacetic acid (inhibitor of GABA transaminase, the enzyme that metabolizes GABA), g-vinyl GABA (GVG, irreversible GABA transaminase inhibitor), and valproate on [ (Gyulai et al, 2001; Salmi et al, 2004) . These volatile anesthetics, presumably by enhancing GABA binding to GABA-A receptors, resulted in a dose-dependent increase in .5 ± 0.7 6.4 ± 0.8 6.0 ± 1.4 6.7 ± 1.0 6.1 ± 1.4 6.8 ± 1.2 13.6 ± 18.4 0.56 0.06
Anterior cingulate cortex 5.5 ± 0.5 6.3 ± 0.9 5.9 ± 1.3 6.5 ± 0.6 6.0 ± 1.4 6.7 ± 1.3 14.1 ± 20.2 0.56 0.08
Sensory cortex 5.4 ± 0.6 6.3 ± 0.7 5.8 ± 1.2 6.5 ± 0.6 6.0 ± 1.3 6.7 ± 1.3 13.5 ± 15.5 0.59 0.03
Parietal cortex 5.2 ± 0.6 6.0 ± 0.7 5.6 ± 1.2 6.2 ± 0.6 5.7 ± 1.3 6.4 ± 1.3 13. (an NMDA antagonist) suggesting that this effect is specific to anesthetics that interact with the GABA system (Salmi et al, 2005) .
To our knowledge, only one previous study has been conducted in humans with a nonanesthetic compound, the irreversible GABA transaminase inhibitor GVG (Weber et al, 1999) . In this study, GVG caused a trend level increase in [ Using a somewhat similar paradigm to the one used in this study, several groups have attempted to measure changes in the apparent affinity of BDZ agonists using [ 11 C]flumazenil PET (Schmid et al, 1996; Bottlaender et al, 1997) and [
123 I]iomazenil SPECT (Sybirska et al, 1993) . These studies, performed in anesthetized baboons, Tiagabine-induced increase in [ measured the occupancy of the agonist drugs, such as diazepam and lorazepam, before and after alterations in endogenous GABA levels. Two studies by the same group noted the increased diazepam occupancy after increasing GABA with GVG pretreatment (Schmid et al, 1996) and decreased binding of diazepam after pretreatment with an inhibitor of GABA synthesis, DL-allylglycine (Bottlaender et al, 1997) , findings consistent with the GABA-shift hypothesis. On the other hand, Sybirska et al (Sybirska et al, 1993) did not observe any increase in lorazepam binding after the administration of tiagabine, possibly due to the confounding effects of the anesthesia.
The strengths of this study include the measurement of the arterial input function, allowing for the assessment of the effects of tiagabine on V ND , f P and f ND . While the absence of change in these variables post-tiagabine validates the use of either BP P or BP ND as an outcome measure, we chose to use BP ND , derived through SRTM, as our primary outcome measure. Recent work has indicated that [ 11 C]flumazenil is a substrate for p-glycoprotein (PGP), the major efflux pump in the blood-brain barrier (Ishiwata et al, 2007) . Given this, we were concerned with the possibility that tiagabine may impact on the PGP, potentially altering brain delivery of [ 11 C]flumazenil. The lack of difference in pons V T indicates that this was not the case, however, it seemed prudent to use the SRTM for the analysis as, assuming PGP effects are uniform across brain regions, this methodology will result in BP ND estimates, which are minimally affected by alterations in PGP function (Liow et al, 2007) .
The relatively high variability in the percent change of [ 11 C]flumazenil binding across subjects suggests that detecting differences between individuals with a psychiatric disorder and healthy controls may be challenging. However, variability in this range has been observed in other PET studies, which used a pharmacologic challenge to measure changes in neurotransmitter levels and have been able to detect between-group differences (Abi-Dargham et al, 2000; Martinez et al, 2007) . A factor involved in this variability may be the timing of the PET scan relative to the administration of tiagabine. In this preliminary study, we attempted to time the PET scan such that scanning coincided with the reported T max of the plasma concentration of tiagabine (45-60 min) to ensure the measurement occurred during the acute increase in GABA; however, review of microdialysis studies indicates GABA increases are sustained for several hours after oral administration of tiagabine. Although it is not known whether the GABA shift response will diminish within that time, for future studies, we intend to increase the time between tiagabine administration and scanning, allowing for more consistent absorption of tiagabine across subjects.
This extends the published literature with regards to the GABA shift, providing additional evidence supporting the idea that this phenomenon can be observed in vivo, using PET in humans. The ability to measure in vivo fluctuations in GABA levels provides a unique opportunity to explore the role of GABA in certain brain processes. Studies with nonhuman primates demonstrate that the disruption of GABA transmission in the DLFPC impairs working memory (Rao et al, 2000) . In humans, DLPFC g oscillations normally increase with working memory load (Howard et al, 2003) , a phenomena, which is impaired in subjects with working memory deficits (Cho et al, 2006) . In addition to playing a role in working memory (Howard et al, 2003) , g synchrony appears to be associated with other higher cognitive processes such as associative learning (Miltner et al, 1999) . Although the specific role of GABA transmission in working memory is still under investigation, the synchronization of pyramidal cell firing by networks of fast-spiking, parvalbumin-containing GABA neurons gives rise to oscillatory activity in the g range (Whittington and Traub, 2003) . The strong relationship observed in this study between the change in [
11 C]flumazenil binding and the ability to entrain oscillatory activity in the g frequency during a cognitive control task provides the first direct support for the hypothesis that GABA neurotransmission is linked to the synchronization of cortical neuronal activity in humans. The refinement and validation of the PET methodology described in this study would provide a unique ability to measure the changes in GABA levels in vivo; to examine the relationship between GABA neurotransmission, oscillatory activity, and cognition; and to explore the differences between control and patient populations in the degree of GABA increase in response to a standardized level of GAT1 blockade. Moreover, if abnormalities in GABA transmission exist in specific psychiatric disorders, this technique could be employed in the process of developing new pharmacologic compounds with the target of increasing cortical GABA levels.
